In this study, we developed a miniaturized microfluidic-based high-throughput cell toxicity assay to create an in vitro model of Parkinson's disease ͑PD͒. In particular, we generated concentration gradients of 6-hydroxydopamine ͑6-OHDA͒ to trigger a process of neuronal apoptosis in pheochromocytoma PC12 neuronal cell line. PC12 cells were cultured in a microfluidic channel, and a concentration gradient of 6-OHDA was generated in the channel by using a back and forth movement of the fluid flow. Cellular apoptosis was then analyzed along the channel. The results indicate that at low concentrations of 6-OHDA along the gradient ͑i.e., approximately less than 260 M͒, the neuronal death in the channel was mainly induced by apoptosis, while at higher concentrations, 6-OHDA induced neuronal death mainly through necrosis. Thus, this concentration appears to be useful for creating an in vitro model of PD by inducing the highest level of apoptosis in PC12 cells. As microfluidic systems are advantageous in a range of properties such as throughput and lower use of reagents, they may provide a useful approach for generating in vitro models of disease for drug discovery applications.
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I. INTRODUCTION
Parkinson's disease ͑PD͒ is one of the most important neurodegenerative disorders, affecting over 1 million people in the U.S. alone.
1,2 The death of dopaminergic neurons of the substantia nigra ͑SN͒ pars compacta, 3 together with accumulation of ␣-synuclein inclusions known as Lewy bodies in the SN, 4 constitutes the major neuropathological hallmarks of PD. 5 6-hydroxydopamine ͑6-OHDA͒, a hydroxylated analog of dopamine, is a neurotoxic agent that can be used to selectively damage dopaminergic neurons in vivo and in vitro, and create animal models of PD.
cation of new drugs with enhanced therapeutic potential is of benefit for the treatment of PD.
High-throughput screening ͑HTS͒ assays enable researchers to conduct a large number of tests for screening the efficiency of a drug and its effective concentration to exert the desired effect on the target molecule associated with a particular disease. 9 Cytotoxicity assays employing HTS test the effect of multiple concentrations of a drug usually by means of a multiwell plate cell culture system. However, the use of conventional HTS for cell-based drug screening has certain limitations. For example, high cost of making such assays for the rapid screening of expensive drugs. 10 Therefore, there is a need for new strategies to provide HTS with the minimal experimental variability, and costs. Microfluidic devices have been extensively used for high-throughput medical assays. 11, 12 Generation of drug concentration gradients through microfabrication technology has been used as an advantageous analytical tool for the application of drug screening and cytotoxicity testing. [13] [14] [15] [16] [17] This approach provides a miniaturized high-throughput analytical tool that could bypass the problems of using animals for studying the effects of drugs and toxins. It can also minimize the cost, time, sample size requirements, and ethical and legal concerns associated with animal or human use by exposing cells to drug concentrations, which span a few orders of magnitude. 13, 18 Chemical concentration gradients can be used to generate a dose-respond curve, in a single experiment. For example, Tirella et al. developed a microfluidic gradient maker to analyze the dose-dependent effect of bupivacaine and lidocaine anesthetics on C2C12 myoblasts. 13 They designed a microfluidic device with laminar flow within microchannels to create a continuous concentration gradient in the culture chamber. The gradient microfluidic device was found to be a more sensitive method for the detection of cell toxicity compared with conventional multiwell HTS assays as it required a single cell culture exposed to a variety of continued anesthetic gradients. However, the shear stress on cells affected the efficiency of this system. Du et al. generated a portable microfluidic device in which the formation of a cardiac toxin, alphacypermethrin, concentration gradient along the microchannel was created initially by a passive-pump-induced forward flow, followed by an evaporation-induced backward flow. 14 Using this technique, a centimeter-long gradient of the toxin was created within 10 min, which was stabilized by stopping the flow. This system was used to test the response of HL-1 cardiac cells to a toxin gradient in the microfluidic device. Although the simplicity and portability of this system were suitable for reliable drug screening applications, this method of gradient generation is not fast enough for minimizing the exposure of cells to drugs such as 6-OHDA. 19 The aim of this study was to develop a microfluidic-based HTS system to optimize the concentration of 6-OHDA for creation of an in vitro model of PD. This system was used to detect and quantify the apoptosis in the pheochromocytoma ͑adrenal gland tumor͒ neuronal cell line PC12. Due to the oxidation of 6-OHDA within a short time, in this study, we developed an accelerated method of generating 6-OHDA concentration gradients in a microfluidic device, based on fluid flow movement due to back and forth pumping of fluids inside the channel. The cells were cultured in a microfluidic channel, and a concentration gradient of neurotoxin was generated in the channel using the repeated forward and backward fluid movements. The neuronal cell viability along the channel was observed to vary in a graded way to be lowest at the region with the highest concentration of neurotoxin. The mechanism of cell death was also proved to be dependent on 6-OHDA concentration. The concentration gradient of 6-OHDA used in this study may be useful for determining the optimal toxin concentration required for the neuronal apoptosis to create a PD model in a single experiment with minimized experimental variability. This simple method provides a fast, inexpensive, and efficient platform, as an alternative to animal models, for drug discovery and drug screening.
II. MATERIALS AND METHODS

A. Materials
PC12 cells were obtained from RIKEN Bioresource Center Cell Bank, Japan. 6-OHDA ͑MW: 205.6͒, poly-L-lysine ͑PLL͒ hydrobromide, and penicillin/streptomycin were purchased from Sigma, USA. Fluorescein isothiocyanate-Dextran ͑FITC-Dextran, MW: 10 kD͒ and sodium metabisulfite were purchased from Sigma-Aldrich. Fetal bovine serum ͑FBS͒ was purchased from Japan Bioserum. Phosphate buffered saline ͑PBS͒, Dulbecco's Modified Eagle medium ͑DMEM͒ and horse serum were purchased from Gibco, NZ. Live/dead assay kit was purchased from Invitrogen, USA. Annexin V-FITC apoptosis kit was purchased from Abcam, Japan. Polydimethylsiloxane ͑PDMS͒ prepolymer and the curing agent ͑Silpot 184 kit͒ were purchased from Dow Corning Toray, Japan.
B. Determination of 6-OHDA oxidation
The oxidation of 6-OHDA at various concentrations in an oxygen-containing medium ͑i.e., PBS͒ was determined by using spectrophotometric analysis. The stock solution of 6-OHDA ͑10 mM͒ was prepared in nitrogen-bubbled MilliQ, containing 0.1% sodium metabisulfite as an antioxidant. The experiment was initiated by the addition of 6-OHDA at the final concentrations of 0, 100, 200, 300, 400, 500, 800, and 1000 M to 96-well plate containing PBS ͑total volume: 200 L͒. The temperature of the plate reader ͑BioTek Synergy HT͒ was set at 37°C to correspond to cellular 6-OHDA treatment. Maximum absorption of p-quinone ͑490 nm͒ was monitored every min for 1 h using the plate reader.
C. Fabrication of the microfluidic device
The microfluidic device was fabricated by using a standard soft lithographic method described previously. 20 Briefly, PDMS molds were fabricated by curing prepolymer of silicone elastomer and curing agent ͑10:1 ratio͒. The PDMS prepolymer was poured on a silicon master that was patterned with photoresist, and cured at 70°C for 1.5 h. PDMS mold was then peeled off from the silicon wafer. For medium perfusion and cell seeding, the inlet and outlet of the microchannel were punctured by sharp punches, with hole diameters of 3 and 5 mm, respectively. The dimension of top fluidic channel was 100 m͑height͒ ϫ 30 mm͑length͒ ϫ 2 mm͑width͒. To generate the channels, the PDMS mold was irreversibly bonded to a glass slide, after plasma treatment ͑Harrick Scientific, PDC-001͒.
D. Generation of concentration gradients in the microfluidic device
The schematic representation of the method to generate a concentration gradient of molecules in a straight microfluidic channel is illustrated in Fig. 1 . The gradient was generated due to the fluid flow movements during the back and forth pumping of fluids inside the channel using a pipette. The channel was initially filled with solution 1 ͑e.g., de-ionized water͒. A 200 L drop of water was pipetted onto the outlet port and a 20 L drop of another solution ͑i.e., solution 2͒ with a high concentration of the chemical of interest ͑e.g., a model fluorescent-labeled molecule such as FITC-Dextran͒ was pipetted into the empty inlet port. The outlet port ͑diameter: 5 mm͒ was emptied by taking the excess water with a pipette, without exerting any suction of liquid from the channel by the pipette. This accelerated the fluid flow from the inlet port to the outlet port. When the tip of the forward flow reached near the outlet port, as visualized by tracking FITC-Dextran, it was stopped by returning the 200 L water drop to the outlet port. A fast backward flow was initiated by reducing the volume of the droplet at the inlet port by taking 10 L of the liquid with a pipette, which reversed the direction of fluid flow in the channel, and moved the gradient to the inlet side of the channel. The gradient was then stabilized by sealing the inlet and outlet ports with thin slices of cured PDMS.
E. 6-OHDA treatment of cells inside microfluidic channels
PC12 cells were maintained in a culture medium containing 5% FBS, 10% horse serum, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37°C in a humidified incubator with 5% CO 2 and were passaged twice per week. Prior to seeding the cells into the microchannel, the bottom glass slide was coated with PLL ͑0.1 mg/mL in sterilized de-ionized water͒ to enhance cell adhesion in the microfluidic channel. Initially, the top channel was irreversibly bonded to the bottom glass slide, and then 0.1 mg/mL solution of PLL was injected into a channel from the outlet and incubated for a minimum of 3 h. The channel was subsequently rinsed and incubated with sterilized de-ionized water for a minimum of 3 h. Then the de-ionized water was removed from the channel by placing droplets of fresh culture medium on the outlet, which pushed the water to the inlet. The water accumulated in the inlet was taken with a pipette; this process was repeated several times to ensure complete replacement of water with culture medium. To seed the cells into the microfluidic device, the cells were trypsinized and seeded through the outlet at the cell density of 4 ϫ 10 6 cells/ mL. The cell seeded device was kept in a CO 2 incubator overnight to ensure cellular attachment in the microchannel. The medium was then changed and a gradient of 6-OHDA was generated in the channel using a neurotoxin solution with a concentration of 1000 M. The stock solutions of 6-OHDA were freshly prepared for every experiment by dissolving the 6-OHDA powder in a nitrogen-bubbled MilliQ, containing 0.1% sodium metabisulfite as antioxidant, at the final concentration of 10 mM 6-OHDA. To visualize the gradient formation, trypan blue ͑MW: 960.82͒, which has a comparable molecular weight ͑thus, diffusion coefficient͒ to that of 6-OHDA, was added to 6-OHDA solution at the final concentration of 0.025 wt %. A control gradient of trypan blue was generated to rule out the possibility of cytotoxicity from this dye. After gradient formation and stabilization by sealing the inlet and outlet ports with PDMS pieces, the microfluidic device was transferred to the cell culture incubator. The cellular assessments were performed after 24 h incubation. In order to eliminate the possibility of cellular apoptosis as a result of nutrient deprivation, the culture media in the channel were changed at the end of 6-OHDA active life time. FIG . 1. Schematic of the technique for generation of concentration gradients in a microfluidic channel. ͑a͒ Microfluidic channel was first filled with solution 1 ͑i.e., water or culture medium͒. ͑b͒ Solution 2 ͑i.e., a fluorescent-labeled molecule or 6-OHDA͒ was introduced from the inlet, while the removal of the liquid from the outlet caused a rapid forward flow of solution 2 inside the channel. ͑c͒ The forward flow was reversed into a backward flow from the inlet by placing a drop of solution 1 on the outlet port and withdrawing ϳ10 L of liquid from the inlet, which generated a concentration gradient of solution 2 in the channel. ͑d͒ The gradient was stabilized by sealing the inlet and outlet ports by two pieces of cured PDMS.
F. 6-OHDA treatment of cells in multiwells
A conventional cytotoxicity assay in a multiwell system was performed in order to determine the dose-dependent effect of 6-OHDA on PC12 cell viability, and to compare the cytotoxicity of 6-OHDA in two systems ͑i.e., gradient system and multiwell system͒. PC12 cells were cultured in PLL-coated 8-well Laboratory Tek chamber slides for 24 h at the density of 1 ϫ 10 5 cells/ cm 2 . The media were then changed, and 6-OHDA was added to cells at the final concentrations ranging from 0 to 1000 M from the freshly prepared 10 mM stock solution in cell culture media. The chamber slides were then incubated at 37°C for 24 h to treat the cells with 6-OHDA.
G. Viability assay
The cytotoxicity of 6-OHDA on PC12 cells was determined using a live/dead kit consisting of calcein AM and ethidium homodimer-1 ͑EthD-1͒, which can be used to distinguish live cells from dead cells. Calcein AM is nonfluorescent cell-permeable molecule, which is converted into highly fluorescent calcein ͑ex/em ϳ495 nm/ ϳ 515 nm͒ through ubiquitous intracellular esterase activity in live cells. EthD-1 can only be uptaken by dead cells with damaged plasma membranes, and binds the nucleic acids. This phenomenon causes a 40-fold enhancement of fluorescence ͑ex/em ϳ495 nm/ ϳ 635 nm͒. Using a fluorescence microscope ͑Carl Zeiss, Observer Z1͒, live cells stained with calcein were visualized by an intense green color, while dead cells stained with EthD-1 were visualized by a bright red color.
H. Assessment of apoptosis and necrosis
The extent of apoptosis and necrosis was assessed by staining annexin V-FITC and propidium iodide ͑PI͒ staining. In the early stages of apoptosis, phophatidyl-serine ͑PS͒ translocates from the inner face of the plasma membrane to the outer leaflet. Annexin V binds to PS, and can be used to detect cells at the early stages of apoptosis. 21 The combination of annexin V-FITC and PI staining can identify the late stages of apoptosis, due to the loss of membrane integrity at this stage, while necrotic cells can be detected by staining with PI alone. PC12 cells treated with 6-OHDA were stained with annexin V-FITC/PI for 5 min, followed by fixation in 2% paraformaldehyde ͑30 min, room temperature͒ and staining with 4',6-diamidino-2-phenylindole ͑DAPI͒ ͑1.5 g / ml, 10 min, and 37°C͒. Fluorescent images were used to quantify the rate of apoptotic and necrotic cells in total cell populations.
III. RESULTS AND DISCUSSION
A. Evaluation of dose-dependent effect of 6-OHDA on H 2 O 2 production and cell viability 6-OHDA rapidly oxidizes in the presence of oxygen and yields H 2 O 2 and p-quinone, which induces apoptosis upon being uptaken by cells. 19 The inactivation of toxin can be characterized by the color change of 6-OHDA solution into pink, caused by generation of p-quinone. 22 In this study, the formation of p-quinone was quantified in a cell-free system by measuring the solution absorbance at 490 nm over time in order to determine the degradation time of 6-OHDA in an oxygencontaining solution, such as PBS. As indicated in Fig. 2͑a͒ , the stock solution of 6-OHDA was stable during the measurement time, while the oxidation reaction in PBS containing wells was completed within 5-40 min for various concentrations of 6-OHDA. The profile of p-quinone production at low concentrations of 6-OHDA ͑i.e., 100-400 M͒ exhibited an immediate increase in the level of p-quinone upon addition of toxin to PBS, which continued up to 3 min and then reached a plateau. This confirmed the complete oxidization of 6-OHDA within 2-3 min at low concentrations. However, at high concentrations of 6-OHDA ͑i.e., 500-1000 M͒, the oxidation reaction started 5 min after the addition of toxin to PBS. At this point, the oxidation reaction accelerated sharply as evidenced by the increase in absorption at 490 nm. This trend continued for ϳ20-40 min, depending on the toxin concentration, after which the absorption level remained constant. This lag time ͑ϳ5 min͒ at highly concentrated samples may be attributed to higher fraction of 6-OHDA stock solution, containing antioxidant, in the corresponding wells, which resulted in a temporary protection of 6-OHDA molecules against oxidation. This result indicated that the addition of 6-OHDA to an oxygen-containing medium initiated the production of harmful reaction species, which can cause cellular apoptosis, until the complete degradation of neurotoxin. Consequently, control over the exposure time of 6-OHDA to oxygen is a crucial factor in order to optimize toxin treatment condition. 
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The H 2 O 2 , produced through oxidation of 6-OHDA, generates hydroxyl radicals by reacting with transition metals such as iron in cells. Hydroxyl radicals immediately react with lipids, DNA, and amino acids in proteins to damage cells. 23 Oxidative production of H 2 O 2 and quinone has also been shown to inhibit active mitochondrial respiration and to increase mitochondrial swelling and inner membrane permeability. 7 These molecular events contribute to 6-OHDA-induced toxicity, mimicking the neurodegenerative process in PD. To determine the cytotoxic effect of 6-OHDA on PC12 cells, the cells were cultured in an 8-well Lab-Tek chamber slide for 24 h to ensure attachment before treatment with 6-OHDA. Cell viability was assessed by the addition of calcein AM and EthD-1 to the chamber slides. PC12 cells treated with various amounts of 6-OHDA for 24 h exhibited a decrease in viability in a dose-dependent manner ͓Figs. 2͑b͒ and 2͑c͔͒. The images of cells stained with calcein AM and EthD-1, together with quantified viability values, indicated that the median lethal dose ͑LD 50 value͒ of 6-OHDA is around 230 M, while 6-OHDA concentrations higher than 800 L resulted in a complete cell death ͓Fig. 2͑b͔͒. Saito et al. studied the dose-dependent effect of 6-OHDA on PC12 cell viability. 24 In this study, complete cell death was observed when the cells were treated with 100 M concentration of 6-OHDA for 24 h. 24 However, Jin et al. reported only ϳ20% decrease in PC12 cell viability under the same condition. 25 The difference in the efficiency of the toxin in these studies can be attributed to the oxidation of 6-OHDA, which may result in its deactivation in the medium. Due to the observation of complete cell death at toxin concentration of 1000 M, this concentration was used to generate toxin concentration gradients in microfluidic devices.
B. Generation of the concentration gradient of FITC-Dextran in the microfluidic channel
The system illustrated in Fig. 1 was used to generate a concentration gradient, which was stable during the oxidation time of 6-OHDA. The efficiency of the system was evaluated by using FITC-Dextran. The microfluidic channel was initially filled with de-ionized water after which a 200 L drop of de-ionized water was pipetted onto the outlet. A 20 L drop of FITC-Dextran ͑1.5ϫ 10 −4 M͒ was then pipetted onto the emptied inlet. A passive-pump-induced forward flow was used to direct FITC-Dextran into the channel, 26 and the flow was accelerated by taking the excess liquid from the outlet port. The use of accelerated pumping of liquids through the microfluidic channel in this study decreased the duration of forward flow from 3 min ͑achieved based on passive pumping alone͒ to 3-5 s. This time was long enough for the FITC-Dextran droplet to reach near the end of the channel. At this point, the liquid was pipetted back onto the outlet to guide the fluid flow to the opposite direction. The speed of the backward flow was also increased by taking the excess liquid from the inlet, which decreased the time required for the backward flow to generate a concentration gradient from 10 min to 10-15 s. The total time required for gradient generation and stabilization was less than 30 s; this can be advantageous for generation of a concentration gradient of unstable chemicals such as 6-OHDA that undergo structural changes upon being exposed to oxygen-containing environments. The profile of the centimeter-long concentration gradient of FITC-Dextran was quantified by measuring the fluorescent intensity along the channel for 1 h at various time points after the generation of the gradient ͓Figs. 3͑a͒ and 3͑b͔͒. The results indicated that the gradient profile had an acceptable stability during the oxidation time of 6-OHDA ͑i.e., ϳ40 min͒.
It is crucial to estimate the 6-OHDA distribution along the channel and to correlate the cellular response to the toxin concentration in order to use the gradient channel for testing a range of 6-OHDA concentrations. In this study, a standard curve was plotted to convert fluorescence intensity values to FITC-Dextran concentrations ͑data not shown͒. The length of the channel was divided into six regions, each with a 0.5 cm length, and the fluorescence intensity values were used to estimate the mean concentration of FITC-Dextran in each region ͓Fig. 3͑c͔͒. The mean concentration of FITC-Dextran at various regions within the channel was estimated by calculating the mean fluorescence intensity along each region during the first 40 min after the generation of gradient. The mean concentration values in Fig. 3͑b͒ represented the graded increase in the entire channel. According to the fluorescence intensity profiles, the highest fluorescence intensity in the channel, which was normalized to the fluorescence intensity obtained from FITC-Dextran solution used to make gradient, is 0.76. This suggests that FITC-Dextran droplet was diluted due to the mixing with water after entering the channel, and created a concentration gradient, ranging from ϳ0% to 76% of its concentration in the pumping droplet. As shown in Fig. 3͑c͒ , FITC-Dextran concentration was increased from 0.08ϫ 10 −4 M in region 1 to 1.14ϫ 10 −4 M in region 6.
C. Cell viability in microfluidic channels containing 6-OHDA concentration gradients
PC12 cells were cultured in linear microchannels, and a concentration gradient of 6-OHDA was subsequently generated in each channel to demonstrate the efficiency of the system for 
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generating a graded cell viability along the microfluidic device. The viability of cells along the channels was determined using a live/dead assay. As shown in Fig. 4͑a͒ , a gradient in cell viability was obtained along the channels upon exposure to a concentration gradient of 6-OHDA, which ranged between 75% and 27% ͓Fig. 4͑b͔͒. Based on the distribution profile of FITC-Dextran in the channel ͓Fig. 3͑b͔͒, the concentration of 6-OHDA in the channel was in the range of ϳ0 to 760 M. As shown in Fig. 4͑b͒ , cell viability along the channel was decreased by increasing the mean 6-OHDA concentration in each region; for example, the viability decreased from 75.3% to ͑b͒ Quantification of PC12 viability along the channel with a concentration gradient of 6-OHDA, generated using a toxin solution with 1000 M concentration. Quantification was performed using IMAGEJ software; each value is the average cell viabilityϮ SD in the three consecutive microscope fields of each region ͑the length of field: 1.7 mm͒.
27.3% when the mean concentration of 6-OHDA increased from around 0 to 760 M. In contrast, the average cell viability in the control channel, without toxin treatment, remained unchanged along the channel. The difference in the lowest cell viabilities from the multiwell in Fig. 2͑c͒ and gradient systems can be attributed to the dilution of the 6-OHDA solution upon mixing with the medium in the channel. Another reason can be the difference in the molecular weights of FITCDextran ͑MW: 10 000͒ and 6-OHDA ͑MW: 205.6͒, which caused different values of molecular diffusivity in the channel. Molecular diffusivities of FITC-Dextran and 6-OHDA have been estimated to be 1.7ϫ 10 −6 and 0.6ϫ 10 −5 cm 2 / s, respectively. 14, 27 Although sealing the inlet and outlet ports of the channel stopped the flow, spreading of molecules continued in the channel due to molecular diffusion. Simulation studies in microfluidic gradient generators have previously shown that for large molecules with small diffusion coefficient, the effect of molecular diffusion on the concentration profile is not significant and the concentration profile is fairly stable; while for small molecules with large diffusion coefficient, molecular diffusion has a significant role in mixing of fluid and flattening of the concentration profile in the channel. 13, 14, 28 It is therefore expected that due to small molecular weight of 6-OHDA, and consequently its high diffusive mixing in the channel, the effective concentration range of the molecule in the channel is lower than FITC-Dextran. The moving length of a gradient in a channel, due to molecular diffusion, can be scaled as ͑tD͒ 1/2 , where D is the molecular diffusivity of the molecule, and t is time. 14 The moving lengths of 6-OHDA and FITC-Dextran gradients during the complete oxidation time of 6-OHDA at 800 M concentration ͓i.e., 30 min; Fig. 2͑a͔͒ were therefore 2.25 and 1.2 mm, respectively. However, as oxidation of 6-OHDA proceeds, the amount of active toxin may decrease in all regions of the channel with both high and low 6-OHDA concentrations. Therefore, it was assumed that the effect of gradient movement along the channel was negligible. This assumption is favored by the consistency of PC12 viability after 6-OHDA treatment in the multiwell, and gradient system in which the concentration of 6-OHDA in the channel was estimated by using the concentration profile of FITC-Dextran. For example, as shown in Fig. 4͑b͒ , region 3 of the channel with the average toxin concentration of ϳ118 M 6-OHDA contained 50% viable cells. While the average toxin concentration values plotted in Fig. 4͑b͒ were helpful to approximately compare the toxin concentration in each region, it should be noted that due to the existence of a toxin concentration gradient in the channel, the actual concentration of 6-OHDA changed in a graded way along each region. According to the FITC-Dextran intensity profiles in the channel ͓Fig. 3͑b͔͒, the concentration of 6-OHDA in region 3 was estimated to vary from 6.5% ͑at X = 1 cm͒ to 26.2% ͑at X = 1.5 cm͒ of the concentration in the pumping droplet. Therefore, the concentration of 6-OHDA in this region varies from ϳ65 to ϳ260 M. The LD 50 value in the multiwell system ͓Fig. 2͑c͔͒ was obtained at ϳ230 M concentration of 6-OHDA, which is consistent with cell viability in microfluidic-based gradient system. No major cell loss was observed inside the channel due to the detachment of dead cells. In an example of toxicity testing using a microfluidic gradient maker with a continuous flow of medium and toxin, Tirella et al. reported a major cell loss as the result of detachment of dead cells due to the presence of shear force exerted by the continuous flow in the system. 13 The static system of cell treatment with a gradient of 6-OHDA in this study could minimize the errors in cell viability values, obtained when using systems with continuous flows.
D. Mechanism of cell death in response to the 6-OHDA gradients
The death of dopaminergic neurons in PD occurs by apoptosis. 29 While 6-OHDA has been used to induce apoptosis in vitro and in vivo, it has been shown to cause neuronal death through two distinct mechanisms: apoptosis and necrosis. 30 Ochu et al. studied the survival rate of PC12 cells treated with various amounts of 6-OHDA in conjunction with an apoptosis inhibitor called zVAD-fmk. This study demonstrated that at lower concentrations of 6-OHDA, zVAD-fmk could prevent apoptotic morphology, while at higher concentrations of 6-OHDA, it did not exert such an effect. This means that the mechanism of 6-OHDA-induced neuronal death is highly dependent on its concentration. Therefore, it is crucial to optimize the treatment of PC12 cells with 6-OHDA in order to generate the in vitro model of this disease, so that the highest rate of apoptosis and the minimum rate of necrosis are achieved.
To optimize the 6-OHDA concentration for generating an in vitro model of PD, PC12 cells were cultured in a PLL-coated channel at the density of 4 ϫ 10 6 cells/ ml. The culture medium was then changed and a concentration gradient of 6-OHDA was generated in the channel using a freshly prepared 6-OHDA stock solution. The concentration of 6-OHDA in the pumping droplet was 1000 M, and the gradient generation was visualized by trypan blue ͑final concentration: 0.025% wt%͒. After 9 h of treatment with the toxin gradient, the medium was changed and the culture was continued for 24 h. The cells were stained by annexin V-FITC, PI, and DAPI, and subsequently analyzed using a fluorescence microscope ͓Fig. 5͑a͔͒. The nuclei of cells were stained with DAPI ͑upper panel, blue stains͒. Cells undergoing apoptosis were stained with annexin V-FITC ͑lower panel, green stains͒, and cells that had lost membrane integrity were stained with PI ͑lower panel, red stains͒. As shown in Fig. 5͑a͒ , the cells in the early stages of apoptosis exposed PS to the outer leaflet, while maintaining membrane integrity ͓annexin V-FITC͑+͒ / PI͑−͔͒. In the late stages of apoptosis, the cellular membrane integrity was lost ͓an-nexin V-FITC͑+͒ / PI͑+͔͒. In the case of necrosis, ultimate breakdown of the membrane was observed ͓annexin V-FITC͑−͒ / PI͑+͔͒. We analyzed the percentage of apoptotic and necrotic cells at different stages along the channel ͓Fig. 5͑b͔͒. As indicated in Fig. 5͑b͒ , the percentage of apoptotic cells increased from 15.8% at region 1 of the channel to 53.2% at region 3. However, the percentage of necrotic cells increased only from 1.1% at region 1 to 3.5% at region 3. This means that apoptosis was the major cause of cell death up to region 3 in the channel. This trend changed at the regions which were closer to the inlet port ͑i.e., regions 4-6͒ with higher concentrations of 6-OHDA. At these regions, necrosis had a major role in cell death. According to the FITC-Dextran intensity profiles in the channel ͓Fig. 3͑b͔͒, the value of toxin concentration in the region 3 of the channel was between ϳ65 and ϳ260 M. Consequently, at toxin concentrations higher than 260 M, necrosis started to take the major role in neuronal death. This study clearly demonstrated a distinction between the cellular process of apoptosis and necrosis during PC12 cell death with respect to neurotoxin gradient. These results were consistent with previous studies on the effect of high concentrations of neurotoxins on neuronal cell viability. [31] [32] [33] In these studies, it was reported that neurons exposed to low concentrations of the neurotoxin 1-methyl-4-phenylpyridinium ͑MPP͑+͒͒ went through apoptosis, which was rescued by caspase inhibitors. However, at high concentrations of this drug, neuronal cell death could not be rescued by caspase inhibitors, suggesting that at those concentrations, the neuronal death did not occur due to apoptosis.
The results of a parallel experiment in an 8-well Lab-Tek chamber slide, with various amounts of 6-OHDA, indicated that the maximum percentage of apoptotic cells was achieved at toxin concentrations less than 300 M ͓Fig. 5͑c͔͒. The percentage of apoptotic cells was approximately 59%, as compared to 1% in the control well without toxin treatment. At toxin concentrations above 300 M, necrotic events became more significant and the percentage of apoptotic cells declined ͓Fig. 5͑c͔͒. The percentage of necrotic cells increased to 70% at 1000 M of 6-OHDA. These results suggest that apoptosis is induced at lower concentrations of 6-OHDA ͑Յ300 M͒ and necrosis is elevated at higher concentrations of 6-OHDA. This was consistent with the data obtained in the microfluidic channel with a concentration gradient of 6-OHDA.
The maximum percentage of apoptosis in both gradient and multiwell systems ͑i.e., 53.2% and 59%, respectively͒ showed an acceptable level of consistency. The rate of neuronal necrosis at high toxin concentrations was more significant in the multiwell system compared to microfluidic device. This can be attributed to the dilution of 6-OHDA upon entering the microfluidic channel due to the mixing with the pre-existing medium or the difference between the molecular weight of 6-OHDA and FITC-Dextran.
PD has been reported to be caused by the progressive death of dopaminergic neurons through apoptosis. 29 Therefore, finding the 6-OHDA concentration that mimics the apoptotic cell death as occurring in PD in an in vitro model can be particularly important if the therapeutic potential of an antiapoptotic drug such as a caspase inhibitor is to be investigated for the treatment of PD. Such drugs can rescue the healthy cells from apoptosis, thus keeping the disease from progressing. In this case, the in vitro model of the disease can be helpful in judging the effectiveness of the antiapoptotic drug only if it has been carefully designed in terms of the 6-OHDA concentration used to induce cellular apoptosis.
In this study, we introduced a miniaturized system comprised of a microfluidic channel with a concentration gradient of a neurotoxin to analyze the effect of neurotoxin concentration on apoptosis and necrosis rates of neuronal cells. Although the gradient system showed sensitivity and specificity similar to those found in a multiwell system, it had several advantages compared to conventional multiwell system and previously developed microfluidic-based gradient generators, [34] [35] [36] including the short time required for gradient generation, low cost, highthroughput bioanalytical assays, and small amount of biological target and drug candidates. The system also offered features such as simplicity of design, portability, and fast operation. This microfluidic platform was used to study the performance of various cytotoxic examinations such as cell viability, cell death, and apoptosis analysis, with potential for real time imaging due to the transparency of the device. Although we reported apoptosis assessment, only by plasma membrane phosphatidylserine externalization, other apoptotic events are feasible to monitor such as morphological alterations and nuclei collapse. This microfluidic device integrates the cell culture, drug treatment, staining, and washing steps into a single device to generate a number of experimental conditions simultaneously and has the potential to investigate multiple parameters to relate drug exposure to apoptosis. It offers a unique platform to characterize various cellular responses in a high-throughput fashion, which is otherwise impossible with conventional methods. The developed system in this study offers promising potentials for future uses in the discovery and HTS of drugs to treat PD. It can also be used to pretreat neuronal cells such as PC12, with a gradient concentration of a candidate drug ͑e.g., an antiapoptotic drug͒, before exposing the cells to
